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ABSTRACT

Available experimental data,  tables and equations for thermophysical properties of argon are

systematized and critically evaluated.  The new equation  of state, viscosity and thermal conductivity

equations were developed.  The model for the Helmholtz free energy is  used for  developing  of the

unique for liquid and gaseous phases equation of state. For dynamic viscosity and thermal conductivity

the unique equations are used. These equations include of viscosity or thermal conductivity of rarefied

gas and excess viscosity or thermal conductivity. The excess thermal conductivity includes the regular

part which is independent of the proximity to the critical point, and  the separate scaling part which is

substantional only in the vicinity of the critical point. For developing of the equation  of state the pvt

data and data on isohoric heat capacity   were used at the first stage. At the second stage the data on

isobaric  heat capacity and velosity of sound were used in addition. Using these equations the tableson

thermodynamic  properties,   dynamic  viscosity and thermal conductivity were computed at

temperatures  from 85  up to 1300 K and pressures from 0.1 up to 1000  MPa  for gaseous and liquid

phases, including  the  vapor-liquid  coexistance boundary. The tolerances of tabulated values for

each calculated property value were calculated on the basis of the covariance matrixes for each equation.

The tables were sertified by Russian Standard Reference Data Service. KEY WORDS: argon;

fundamental equation; viscosity; thermal conductivity.



1. INTRODUCTION

Argon is often used as a calibration  fluid for  thermophysical  property  measurements.  Although there

are  a  large  quantity  of  experimental data of acceptable accuracy, the Standard Reference  Data tables

including the data on thermophysical  properties  of  argon existed in Russian  only for its viscosity and

thermal conductivity at the atmospheric pressure. In 1996  in  Russian the new tables of Standard

Reference Data [1] on thermophysical properties of argon are accepted. These tables are based on the

new fundamental equation of state of argon and new viscosity and thermal conductivity equations. The

tables include data on density, enthalpy, entropy, isobaric and isohoric specific heat, velosity of sound,

dynamic viscosity and thermal conductivity at temperatures from 85 up to 1300 K and pressures from

0.1 up to 1000 MPa for gaseous and liquid phases, including the  vapor-liquid  coexistance curve. The

compilation of these  equations  and tables is described below.

2. DATABASE

The experimental  data on thermodynamic properties and viscosity and thermal conductivity of argon in

the  single-phase  region and at saturation line are published in Ref. [2]-[49]. The main studies

including data used for development of fundamental equation are summarised in Table 1. The last

columne in this table shows the mean square deviation between the experimental and data obtained on

the basis above equations.

3. THE FUNDAMENTAL EQUATION OF STATE

The fundamental equation which is created as dependence of the Helmholtz energy on themperature and

density was selected for description of thermodynamic surface of argon in the wide  region of

parameters including gaseous and liquid phases and satura-tion line liquid-vapor:

f =  
=

∑ bj exp(-γj  ω ) ω /τ (1),

where f = Fr /(RT), Fr  -  the  nonideal  part  of  the  Helmholtz function; ω = ρ/ρc , ω - reduced density;

τ =  T/Tc ,  τ  -  reduced temperature;   (ρc)   and  (Tc)   - critical density and temperature of argon ;  bj

–  the  equation coefficients;  γj  = 0 for j ≤ 16 and γj  = 1 for j ≥ 17.



In the work a structure (i.e. set of functions exp(-γj  ω ) ω /τ ) and the coefficients {bj} of

equation (1) were determined by treatment both thermal and  caloric experimental data. The  equation

of  state  was compiled in two stages. At the first stage, by a linear least square method, the joint

functional Φ, including pvT  data, data on isohoric specific heat and Maxwell criterion, was minimized:

Ô = 
=
∑ Wk [ -  (ωk, τk )]

2 +  
=

∑ Wk [ -  (ωk, τk )]
2 +

+ 
=

∑ Wk {ln(ωk′/ωk″) +pk (ρk′-1 - ρk″-1 )/R/Tk - (fk
c′ - fk

c″)}2 (2)

where n1 - number of an experimental pvT data in single-phase region; n2 - number of experimental data

on isohoric specific heat; n3 -number of experimental data at saturation line; {ρ'}k and {ρ"}k -values

for saturated liquid and vapor density; Wk - weight of experimental data; indexes "c" and "e" refer,

accordingly, to calculated and experimental values.

During minimization of a functional (2) the preliminary structure and the equation coefficients

were obtained by an addition- exception method [1].

At the second stage, the fundamental equation structure and equation coefficients were

corrected. All selected data were used for optimization,  namely,  the data on isobaric specific heat and

velosity of sound were added also.  The nonlinear least  square

method was used for minimizing the fuctional (3):

Ô = ∑∑ Wlk [ - ]2 + ∑∑  Wsk [  - ]2 (3)

where the first part of a functional refers to the single-phase region, and the second to properties values

at saturation line; -property value calculated by equation (1); values   were calculated under

condition of Maxwell criteria validity.

The covariance matrix, taking into account random errors, was determined during minimization

of a functional (3). Then the fundamental equation assesment was carried out respect to both data, used

for equation developing, and data unused before. For this purpose, the sliding examination method was



used [1]. The covariance matrixes for systematic and computing errors was determined by a method of

mathematical experiment. The total error matrix was also calculated. On the basis of equation (1),  the

density values at the given p and T were calculated from equation (4)

π = ωτ(1+ Aο) / zc (4)

Aο = 
=

∑ (rj- γj qj ω )bj exp(-γj ω ) ω /τ  (5)

The other properties were calculated by using differential relataions of thermodynamic. 4. VISCOSITY

AND THERMAL CONDUCTIVITY

The viscosity equation is defined as

η = ηο ⋅ exp(∆η) (6)

where η0  and ∆η  -  the  viscosity  of  rarefied  gas  and  excess viscosity, respectively, are determined

as follows:

ηο = 
=−
∑ ai ∗ τi/2 (7)

∆η = 
=
∑ ci ω /τ (8)

The recommended thermal conductivity equation has the  following form:

λ = λο + ∆λ + ∆λc (9)

where λ0 , ∆λ, ∆λc  - the thermal conductivity of rarefied gas,  the regular part of excess thermal

conductivity, the separate  scaling part of excess thermal conductivity (this part is substantial only in

the  vicinity  of  the  critical  point),  respectively,   are determined as follows:

λο  = 
=−
∑ ai ∗ τi/2 (10)

∆λ = 
=
∑ di ω /τ (11)

∆λc = d15 ω0,5/ [τ* + 0,9 (ω*)1/0,35]0,5 (12)



where  τ* = τ -1, ω* = ω - 1

Methods of obtaining of each of component in (6) and (9) are in whole coincide with the

recommendations [2].

The equations of viscosity and thermal conductivity of a rarefied argon were obtained by

approximating Standard Reference Data on viscosity and thermal conductivity at atmospheric pressure

[48], which were reduced to zero density with use of second virial coefficient for η and λ [49] and

densities at p = 0,101325 MPa, calculated with the obtained fundamental equation. Expressions (7) and

(10) fitted the data on η  and λ  in the region of temperatures from the triple  point up to 1500 K with

mean square deviation 0,025 % and 0,016 %, accordingly. An error of values η and λ , evaluated in

[48] as 0,5 % , was taken into account during of obtaining the equations for ∆η and ∆λ, and also with

an evaluation of errors of calculated values of viscosity and thermal conductivity. Structure of the

equation (8) and the values of coefficients ci  are obtained by method, described in [2], on the basis of

experimental data. The data weights were calculated with use the relative error of data. Realistic matrix

of errors, taking into account random and probable systematic errors in data was also calculated during

of approximating. On the basis of this matrix the relative errors data calculated on the equation (8) were

evaluated.

Residual part of thermal conductivity (11) was calculated togethere with part (12). This

operation is possible because of application of expression on the basis of the simplified scale theory,

when the unknown parameter enters linearly into the equation (12). Structure of the equation (11) and

the values of coefficients di  are obtained by method, described in [2], on the basis of experimental data.

Realistic matrix of errors, taking into account random and probable systematic errors in data was also

calculatedduring of approximating.

5. ASSESMENT OF REABILITY OF EQUATIONS

According  to  [2],  the confidence limit for the estimated value of any property A is calculated

as



∆A = ± ts (r
Τ G r)0,5 (13)

where ts  - the  selected  Student  criterion  for  the  confidence probability P = 0.95; G = M +  Q  +  B

-  the  generalized  error matrix; M , Q è B - the error matrices for random, systematic  and computing

errors,  respectively;  r  -  the   vector   of   the thermophysical function derivatives respect to the

coefficients  b of calculating equation ; the symbol "T" refers to the transposed vector.

According to (13), the errors of tabulated values of properties of argon were calculated and

represented as relative errors δÀ = 100∆À/À, % in Ref. [1]. (Computing errors were neglected because

of their smallness).

The reability of the tabulated values of thermophysical properties can be established also on the

basis of analysis of results of direct comparison of analytical results and experimental data. The results

of such an analysis for thermodynamic properties are presented in last column of Tables 1.

The experimental data on velosity of sound [5,6,12] at  saturation line did not used for the

fundamental equation developing. The mean square deviation for these data in the temperature region

83.81-149.19 K is equal to 0.78 % for w' and 1.34 % for w''.

As it is seen from Table 1,  fundamental equation is adequate to experimental data, and the

deviations do not exceed experimental data errors.

The analysis of the equations for viscosity and thermal conductivity shows, that both equations,

and their coefficients are much significant, they represent experimental data with an adequate accuracy.

In all cases (except data [27] on viscosity and [43] on thermal conductivity) mean square deviation does

not exceed appreciated error of data. The summarized mean square deviation for whole file of viscosity

data is equal to 1.25 %, and for thermal conductivity also 1.25%.

Statistical analysis of the viscosity and thermal conductivity equations shows,  that the

distribution of weighted  residuals  is close to normal. The final analysis of equation adequacy was

carried out by the sliding examination method [2]. It is stated for residual viscosities and thermal

conductivities, that the evaluated values of a dispersion differ from input values unsignificantly, that is

convincing confirmation reability of models.
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Table I. Data on thermodynamic properties of an argon used for fundamental equation developing.

Year Reference Property Phase Temperature

,

K

Pressure,

ÌPà

Number of

points

Standard

deviation,,

%

1949 [13] ρ fl 273...423 1.9...292.7 350 0.02

1958 [4] ρ g; l 118...248 0.6...104.2 290 0.07

1960 [14] ρ fl 573...1223 2.1...93.3 126 0.16

1969 [8] υ l 101...143 0.7...68.9 135 0.21

1969 [10] υ l; fl 87...202 0.2...15.2 275 0.28

1969 [16] ρ fl 308...673 119...1013 284 0.05

1973 [18] υ l; fl 149...153 4.6...5.3 20 0.93

1981 [21] υ l 110...120 1.3...137.6 96 0.20

1982 [22] υ l 129...147 5.6...142.2 72 0.30

1969 [7] ρ′ 87...145 --- 36 0.08

1969 [9] υ′ 86...118 --- 16 0.21

1989 [3] ρ′ 84...144 --- 61 0.17

1989 [3] p 84...144 --- 61 0.07

1989 [3] Â(Ò) 84...1100 --- 49 2.4

1960 [15] w l 87...90 0.1...13.7 42 0.56

1969 [17] w l 100...150 0.3...51.6 174 0.36

1989 [3] ρ″ 84...144 --- 61 0.29



Table I – Continued –

Year Reference Property Phase Temperature

,

K

Pressure,

ÌPà

Number of

points

Standard

deviation,,

%

1971 [12] w g; l; fl 121...169 0.3...6.9 189 0.80

1974 [19] w l; fl 90...160 0.1...340 229 0.25

1971 [11] cυ l 88...151 -

1975 [20] cυ fl 151...263 - 151 1.3

1992 [24] cp fl 323...423 5.0...21 33 1.3

ρ – density; v – specific volume; B(T) – the second virial coefficient; w – velocity of

sound; cv – isochoric specific heat; cp – isobaric specific heat; ps – pressure of saturated

vapor, g – gas; l – liquid; fl – fluid.


